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Abstract: In this paper, an image processing strain measurement system was extended so that fracture 
behavior of wall-thinned pipes, such as out of plane and large plastic deformation observed in bulging, 
can be evaluated by the system. Regular grids with nominal size of 10 x 10 mm were marked on 100A 
carbon steel pipes and the images taken with 6 CCD cameras of 15 million pixels were correlated to 
achieve resolution of 0.3% strain. Strain of the cylinder outer surface was evaluated by 1) modeling the 
grids as a cylindrical shell, 2) measuring deformation of the grid on a projected plane, and 3) applying 
an updated Lagrangian method. The results indicate the possibility that the method is effective for the 
measuring large strains of wall thinned pipes observed before failure. 
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> An image processing strain measurement system was proposed. 
> The system can measure 1) out-of-plane deformation and 2) large strain. 
> System was applied to wall thinned pipe (WTP) burst test, which bulging is observed. 
> System was effective for understanding the unexpected burst location in a WTP. 
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Abstract 
   In this paper, an image processing strain measurement system was extended so that fracture behavior 
of wall-thinned pipes, such as out of plane and large plastic deformation observed in bulging, can be 
evaluated by the system. Regular grids with nominal size of 10 x 10 mm were marked on 100A carbon 
steel pipes and the images taken with 6 CCD cameras of 15 million pixels were correlated to achieve 
resolution of 0.3% strain. Strain of the cylinder’s outer surface was evaluated by 1) modeling the grids as 
a cylindrical shell, 2) measuring deformation of the grid on a projected plane, and 3) applying an updated 
Lagrangian method. The validity of the system was confirmed by applying the proposed system to the 
burst tests of a wall-thinned cylinder. In addition the system measured the non-uniform strain distribution 
that explained the unexpected cracking location. 
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1.   Introduction 
The safety of wall-thinned pipes is primarily accomplished by the management of wall thickness, 
though researches on the structural integrity of the wall-thinned pipes is still being conducted in 
many countries (Bony et al., 2010; Chattopadhyay et al., 2009; Chiodo and Ruggieri, 2009; 
Hasegawa et al., 2008; Kim J-W et al., 2008; Kim Y-J et al., 2008; Na et al., 2006; Oh et al., 2009; 
Park et al., 2008; Takahashi et al., 2007; Zhu and Leis, 2007). Identification of the wall-thinning 
mechanism (Uchida et al., 2008) and an investigation of methods to evaluate the safety of 
wall-thinned pipes based on the correlation between flaw configuration and the fracture mode in the 
pipes (Hasegawa et al., 2011; Herman et al., 2009) is being conducted through the Research Project 
on Technical Information Basis for Aging Management (MRI, 2008), that is focused on nuclear 
power plants in Japan. The fracture position tended to differ from the position predicted from the 
designed thickness of the specimen in the many burst pressure tests in this project for pipes with 
relatively localized artificial wall-thinning (Hasegawa et al., 2011). This may be due to slight 
deviations in the machined wall thickness. If this happens for a test specimen, similar phenomenon 
will happen for in-service pipes. Because there is a need to reduce the over-conservatism in the 
existing methods, we thought that more elaborate fracture criteria were necessary. We also thought 
that the first step in accomplishing this objective was to realize strain distribution measurement over 
a relatively large area, in addition to where maximum strain is predicted. Another motivation was to 
*Manuscript
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measure the strain until just before fracture, which exceeds the measurement limitations of the 
traditional strain gauges. 
Therefore, in this research we measured the displacement of the outer surface of a cylinder using 
the image correlation method (Rastogi and Inaudi, 2000) and conducted strain distribution analysis 
for the lattice marked on the surface as finite elements (lattice method). Because the wall-thinned 
pipe tends to experience large strain and large deformation out of the plane of the lattice (bulging) 
just before the fracture, we enhanced the method so that it could be applied to burst pressure tests of 
locally wall-thinned pipes. In concrete, we evaluated the strain of the cylinder‟s outer surface by 1) 
modeling the grids as a cylindrical shell, 2) measuring deformation of the grid on a projected plane, 
and 3) applying an updated Lagrangian method. 
2. Method to analyze the distribution of large-scale strain from an image of burst pressure test 
cylinders 
The image correlation method has been applied over a very wide range in scale, from 
microscopic to gigantic, to measure displacement in two or three dimensions. One example in the 
microscopic range is the measurement of strain near a loaded crack tip using a scanning electron 
microscope (Johno et al., 1990), and an example in the gigantic range is the measurement of the 
movement of glaciers using speckle patterns from sunlight (Smith and North, 1999). There have 
been reports of the application of the image correlation method to measure displacement in cylinders 
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(Matsuda et al., 2008; Sakai et al., 2001), which is similar to our application. However, the first case 
focused on 3D displacement measurement under buckling (Matsuda et al., 2008), and the second 
case was a strain measurement for an in-plane lattice deformation (Sakai et al., 2001). Because a 
wall-thinned pipe tends to experience large strain and large deformation out of the plane of the 
lattice (bulging) just before the fracture, we made an enhancement to the image correlation method 
(lattice method) so that it could be applied to burst pressure tests of locally wall-thinned pipes. In the 
following, we discuss the displacement measurement system for the surface of a cylinder that we 
established using the image correlation method (lattice method), and then show the modifications 
required to actually measure large strain distribution in wall-thinned pipes. 
2.1 System to analyze displacement on the outer surface of a cylinder 
We prepared a 100x100x100 mm calibrator (Fig. 1 left) because this work was focused on a 
100A wall-thinned pipe specimen. As we were drawing a lattice of approximately 10x10 mm on the 
surface of the pipe specimen (for every 10 degrees of angular coordinate and every 10 mm in the 
axial direction to be precise; Fig. 2), we prepared a single-lens reflex camera with 4752×3168 (about 
15 million) pixels to achieve a resolution of approximately 0.2% strain per pixel when the calibrator 
covered the entire space of the photo taken. The result of our selection was nominal strain resolution 
of (100mm/3168) /10 mm x100 % = 0.3%, by correlating 100 mm of the calibrator with 3168 pixels, 
and correlating the minimum unit of deformation of the 10 mm grid to a single pixel. 
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Six cameras were placed at regular intervals around the specimen to observe the deformation 
behavior of the entire surface of the specimen (Fig. 3, photo) because it is necessary to use more than 
two cameras to track every lattice point with the three-dimensional motion analysis software 
mentioned below. We decided the number of cameras as six, by considering that the area of the pipe 
which one camera can capture was approximately 120 deg. 
These six cameras were used to take images of the calibrator before the experiment, that is, to 
build a coordinate system in virtual space with three-dimensional motion analysis software (DITECT, 
2011) from the images based on the method of direct linear transformation (DLT) (Hartley and 
Zisserman, 2003).  
2.2 Enhancement in the method to analyze large strains on the outer surface of the cylinder 
The pipe specimen in this work is a wall-thinned cylinder with an inner radius to wall thickness 
ratio of about 12, so it is viewed as a cylindrical shell. If the deformation of the lattice can be taken 
as in-plane or, in other words, if we can assume that the lattice remains parallel to the cylinder axis 
before and after the deformation, then 2D displacement information is enough for strain analysis as 
reported previously (Sakai et al., 2001). However, to handle cases in which the lattice after 
deformation does not remain parallel to the cylinder axis (out-of-plane deformation) such as bulging, 
we thought that the following steps were necessary: 1) all the three dimensional displacement 
components should be measured, and then 2) a projection of the lattice on the surface of the cylinder 
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should be made before (time step i) and after (time step i+1) deformation on the identical plane, 
allowing 3) consideration of the change in shape of the lattice and evaluation of the strain increment 
of the lattice with the updated Lagrangian approach. 
In other words, we look at an element composed of lattice points 1 to 4 drawn on the surface of 
the specimen cylinder at time step i, and consider the local coordinate system (X, Y, Z) which has 
point 1 as the origin (Fig. 4).  
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Here, (Xj, Yj, Zj) (j = 1~4) is the coordinate of the lattice points on the original (x, y, z) coordinate 
system, and  is the directional cosine matrix. 
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Choosing the Z-axis perpendicular to the rectangle element 1234, elements of  may be defined 
as follows. The rectangle 1234 is divided into triangles 124 and 234, and the local coordinate system 
(X, Y, Z) is selected such that the triangle 124 and the Z-axis are perpendicular to each other. Here, 
the origin of the local coordinate system is taken at point 1, and the X-axis is taken along edge 1-2. 
The vector v21 defining this edge 1-2 becomes 

























21
21
21
12
12
12
21v
z
y
x
zz
yy
xx
                                    (3) 
Here, the directional cosine in the X direction vX is 
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As the Z-axis must be perpendicular also to edge 1-4, by defining the edge 1-4 as v41 
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and noticing that the cross product of v21 and v41 
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is perpendicular to both vectors, dividing by its length 2Δ yields the directional cosine vZ. 
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The directional cosine vY can be obtained similarly as 
  vvv                                         (9) 
After the coordinates of the four nodes at time step i are determined with the above method, the 
corresponding lattice at time step i+1 is projected on this (X, Y) plane. Assuming this rectangle 
element deforms on this plane with time steps i→ i+1, the B-matrix of the element at time i is 
obtained from the displacement of nodes in i→i+1 
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on the (X, Y) plane. The incremental strain of the lattice (X, Y, XY) is obtained from this 
displacement, and the strain at any given time step is defined as the sum of incremental strain up to 
that time step. 
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3. Experiment (example of application) 
3.1 Specimen 
The pipe specimen is made of carbon steel STPT370. Tensile test results of STPT370 are given in 
Table 1, and the chemical composition in Table 2. Figure 5 shows the configuration of the specimen. 
Here, is position of the circumferential direction of the pipes in which = 0 and z = 0 specifies the 
center of the artificial flaw. Note that  was measured in the clockwise direction. The outer diameter 
D0＝107.1 mm, nominal wall thickness t＝4 mm, and the wall-thinned section was machined to a 
thickness t1＝2 mm. The size of this artificial flaw was z＝6 mm in the axial direction and ＝23.3 
deg in the circumferential direction. Figure 6 shows the measured wall thickness in the plane of z = 0 
mm in Fig. 5 where a crack is predicted to initiate. Here, Fig. 6 (a) shows the thickness distribution 
of a non-flawed section and Fig. 6 (b) shows an artificial flawed section. In Fig. 6 (a), the maximum 
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thickness was 4.017 mm and the minimum was 3.964 mm, therefore the deviation from nominal 
thickness t = 2 mm was as small as +0.5~1%. On the other hand, in Fig. 6 (b), the maximum 
thickness was 2.097 mm and the minimum was 2.092 mm, therefore the deviation in the 
wall-thinned section t1 was as large as +5% from the design value, though the distribution appeared 
to be uniform. Similar wall thickness distributions were observed for other planes normal to the 
z-axis, predicting that a crack will form at the center of the groove. 
3.2 Set up of the image-based strain measurement system 
The concrete process of the camera setting is as follows. First, we put the specimen on the 
specimen holder shown in the photo in Fig. 3. Here, and  are orthogonal coordinate systems of 
camera positions, and  is the tilt angle of the camera on the -plane at specifie . In addition, 
() = (0, 0) is the axis center of the specimen and  = 0 represents the floor level.  
The specimen was placed so that the circumferential center of the artificial flaw was near the 
-axial forward direction, and cameras 1 and 2 were set at ±30 deg intervals from the -axis. 
Cameras 3-6 were set at 60 deg intervals. Then, the initial value of  was set as 350 mm to capture 
the center of the artificial flaw. 
Location of the camera was determined by adjusting two parameters; that is,R = (2+2)0.5: the 
distance from a camera to the specimen axis center and .The concrete process is as follows. 
Process to determine R The initial value was set as 600 mm, in order to keep the cameras very 
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close to the protective wall. It was done to prevent the water jet from falling on the cameras when 
the specimen bursts, and to make it easy to focus the cameras. 
Process to determine  The initial value of  was set as 0 and values 15, 30, 45, and 60 deg 
were also tried. As a result, we chose  = 30 deg, considering the balance that large is necessary to 
realize an accurate depth length in the images, but images deflected when was too big. Then, the 
final value of  was obtained as 850 mm from the results in R and  above. Given the 
above-mentioned results, the determined position of cameras are in Table 3.  
Next we exchanged the specimen with the calibrator (Fig. 1, left) as the final process of set up, 
to build a coordinate system in virtual space. First, we placed the calibrator so that it‟s center 
coincided with the center of the specimen, in concrete (, , ) = (0, 0, 350) in Fig. 3. Secondly, we 
turned the calibrator around without changing the position of the center of the calibrator so that a 
difference of the distance between the balls for nominal value 100 mm was less than 0.5% in 3-D 
virtual space. The final coordinates of the eight balls in 3-D virtual space are shown in Table 4. We 
see from Table 4 that the error is less than 0.5 mm, and small compared with the side length of 100 
mm. Although the optimum setup will change with the specifications of the cameras used (such as 
focal length), the setup shown is a good base example. 
3.3 Testing system and results 
Figure 7 (a) is a schematic of the testing system, which is comprised of a pressure system 
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driven by a hydraulic pump, an analogue measurement system of pressure sensors and strain gauges, 
and a digital image measurement system with six high resolution single-reflex cameras (4752×3168 
pixels or about 15 million pixels each). 
After securing the specimen on the floor behind protective walls, various sensors were 
connected before starting a burst pressure test. The specimen was pressurized at an air flow rate of 1
～6 l/min from the compressor. Defining the effective pressurization rate as the maximum internal 
pressure divided by the duration of pressurization, the effective pressurization rate for the specimen 
was below 0.4 MPa/min. The pressurization rate just before the burst was less than 0.1 MPa/min, 
and the internal pressure at the burst was pf＝31.2 MPa (Fig. 8). We took pictures every 1 MPa until 
the internal pressure increased to 20 MPa, and after that we took pictures every five seconds. 
3.4 Calibration of the image based strain measurement system with strain gauges 
Strain obtained by the proposed image based system was compared with that measured by 
strain gauges, located at positions shown in Table 5 and Fig. 7(b). Results are summarized in Figs. 
9~11 to confirm the validity of the proposed image-based strain measurement system. Here, the 
strain gauges were located at the centroids of the lattice, to directly compare the strain with that 
evaluated by the image-based method. We limited the number of strain gauges to six, because there 
was a possibility of strain gauges disturbing the image-based method by hiding lattice points. In 
concrete, we placed circumferential strain gauges ① and ② near the artificial flaw section; i.e. ① 
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at (, z) = (-5, 15) and ② at (, z) = (15, 15). We placed circumferential strain gauge ③ very far 
from the artificial flaw section at (, z) = (175, -5). We placed axial strain gauges ④~⑥ at positions 
symmetrical to gauges ①~③; in concrete, ④ at (, z) = (5, 15), ⑤ at (, z) = (15, -15) and ⑥ at 
(, z) = (-175, -5). Though we do not show specific results of the axial strain where the measured 
strain was less than the resolution, large discrepancies were observed, as expected. We focused on 
the circumferential strain, which is the maximum principle strain. 
Regarding Figs. 9~11, we expected that the circumferential strain in Fig. 9 was the maximum, 
because strain gauge ① was the nearest to the artificial flaw. As was expected, such a result was 
obtained in both the strain gauge and the proposed method. In the range of p up to approximately 20 
MPa, and when the pipe was in the elastic range, circumferential strain evaluated by the proposed 
method showed a discrepancy with that measured by the strain gauges. This was not surprising, 
because the accuracy of the proposed method is 0.3% strain. However, after yielding, the measured 
 from the images matched well with the values measured with the strain gauges. In addition, 
although the internal pressure decreased for a while, after the pressure reached approximately 20 
MPa, the strain increased in both the strain gauge and the proposed method. We see from Fig. 8 that 
the cause of the pressure decrement around 20 MPa was the start of plastic deformation; i.e., the rate 
of pressurization was less than the rate of deformation. Thus, the behavior in strain with the onset of 
plastic deformation could be observed in the proposed method. From these results, we conclude that 
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the measurement of strain from the images in this work is a valid methodology. 
3.5 Strain distribution just before burst, fracture mode, and fracture position 
Though the specimen in this work had a long groove in the circumferential direction (flaw 
aspect ratio z/(Rm)=0.29), axial cracking was observed as shown in Fig. 12. This observation is 
supported by the occurrence of a long axial strain concentration seen in Fig. 13, which is the 
circumferential strain distribution obtained by our image based strain measurement system just 
before fracture. Furthermore, the measured strain distribution explains the trend for cracking to 
occur at a different position from that predicted based on the designed wall thickness. 
We believe that the rationality of the strain measurement method using images as in this work 
has been justified. We expect this method will be utilized in measuring the strain distribution in pipe 
specimens, and in the future to explain the fracture mode and position of fracture. 
4. Discussion 
In this experiment, the location of the crack was not the center of the artificial flaw, but = 7 
deg, z = 0~5 mm. Thus, there might be an opinion that the location of the point with the maximum 
circumferential strain in Fig. 13 is different from where the crack initiated, and thus “how can we 
predict failure of a pipe with the proposed method?” To examine this, we show in Fig. 14 the 
enlarged area of the artificial flaw from Fig. 13, and superimposed a lattice over it. The X mark in 
Fig. 14 is the centroids of the lattice, and the white circles represent the lattice points that were 
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drawn on the pipe. We calculated the circumferential strain of the X-marked positions with the 
proposed method, and we made a circumferential strain interpolation using graphic software from 
the evaluated results on the X points in Fig. 14. Considering that the cracking occured in the lattice 
„bghc‟ and that the maximum value of circumferential strain occured at this lattice (in concrete, the 
centroid in this lattice), we believe our method gave a good estimate on the location of cracking. 
There might be another opinion that strain measurement by the traditional strain gauge is more 
simple and practical compared to the proposed method. However, as shown is Fig. 13, distribution in 
the wide region can be measured by the proposed method, which is difficult with the strain gauge 
method. In addition, measuring large strains, such as in case of bulging, is possible by the proposed 
method. We consider these two merits of the proposed method to be worth making the set-up efforts. 
5. Conclusion 
We have described fracture behavior evaluation of wall-thinned pipes by an image processing 
strain measurement system. Regular grids with nominal size of 10 x 10 mm were marked on 100A 
carbon steel pipes, and images taken with 6 CCD cameras of 15 million pixels were correlated to 
achieve resolution of 0.3% strain. Strain of the cylinder‟s outer surface was evaluated by 1) 
modeling the grids as a cylindrical shell, 2) measuring deformation of the grid on a projected plane, 
and 3) applying an updated Lagrangian method. The validity of the system was confirmed by 
applying the proposed system to the burst tests of a wall-thinned cylinder. In addition the system 
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measured the non-uniform strain distribution that explained the unexpected cracking location. We 
expect this method will be utilized in measuring the strain distribution of pipe specimens, and in the 
future to explain the fracture mode and position of fracture. 
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Table 1 Tensile test results 
Material Size YS0 (MPa) B0 (MPa) B0 
JIS－STPT370 100A 255 416 0.45 
 
 
Table 2 Chemical composition of the specimen 
C Si Mn P S Cu Ni Cr Mo 
0.15 0.19 0.48 0.018 0.006  
 
 
 
Table 3 Optimized installation position of cameras 
camera ξ (mm) η (mm) ζ (mm) α (deg) 
1 520 300 
850 30 
2 520 -300 
3 0 -600 
4 -520 -300 
5 -520 300 
6 0 600 
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Table 4 Calibration result 
point 
measured (mm) reference (mm) error 
(distance, mm) x y z x y z 
1 -0.17 100.27 0.22 0 100 0 0.39 
2 -0.08 100.17 99.76 0 100 100 0.30 
3 0 0 0 0 0 0 base 
4 0.14 -0.34 100.03 0 0 100 0.37 
5 100.34 99.70 -0.11 100 100 0 0.47 
6 99.77 99.99 100.13 100 100 100 0.26 
7 99.71 0.15 -0.12 100 0 0 0.35 
8 100.06 0.307 100.08 100 0 100 0.32 
 
 
 
Table 5 Location of strain gauges 
 Circumferential Axial 
 ① ② ③ ④ ⑤ ⑥ 
deg) -5 15 175 5 15 -175 
z (mm) 15 15 -5 15 -15 -5 
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Fig. 14 Circumferential strain distribution
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